Background: The aim of the present study was to assess manifestations of and applied treatment concepts for females with Fabry disease (FD) according to the current European Fabry Guidelines. Methods: Between 10/2008 and 12/2014, data from the most recent visit of 261 adult female FD patients from six German Fabry centers were retrospectively analyzed. Clinical presentation and laboratory data, including plasma lyso-Gb3 levels were assessed. Results: Fifty-five percent of females were on enzyme replacement therapy (ERT), according to recent European FD guidelines. Thirty-three percent of females were untreated although criteria for ERT initiation were fulfilled. In general, the presence of left ventricular hypertrophy (LVH) seemed to impact more on ERT initiation than impaired renal function. In ERT-naïve females RAAS blockers were more often prescribed if LVH was present rather than albuminuria. Affected females with missense mutations showed a similar disease burden compared to females with nonsense mutations. Elevated plasma lyso-Gb3 levels in ERT-naïve females seem to be a marker of disease burden, since patients showed comparable incidences of organ manifestations even if they were~8 years younger than females with normal lyso-Gb3 levels. Conclusion: The treatment of the majority of females with FD in Germany is in line with the current European FD guidelines. However, a relevant number of females remain untreated despite organ involvement, necessitating a careful reevaluation of these females.
Background
Fabry disease (FD; OMIM #301500) is an X-linked (Xq22.1) inborn error of glycosphingolipid degradation resulting from deficient α-galactosidase A activity (GLA; 300644) due to mutations in the GLA gene. Fabryspecific manifestations result from systemic lysosomal accumulation of mainly globotriaoslyceramide (Gb3) [1] . Gb3 accumulation in cells of different tissues is accompanied by a high risk of early onset of stroke, lifethreatening arrhythmia, myocardial infarction, or cardiac and renal failure, leading to a reduced life expectancy [1] . Enzyme replacement therapy (ERT) with recombinant GLA, including agalsidase-alfa (Replagal, Shire) and agalsidase-beta (Fabrazyme, Genzyme) results in subcellular Gb3 clearance, leading to stabilization or at least slowing of disease progression in males and females [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . While the onset of first symptoms (Fabry-associated pain, angiokeratoma, abdominal pain, cornea verticillata, hypo-or anhidrosis) in affected hemizygous males with low or absent enzymatic GLA activity starts in early childhood, heterozygous female patients may display much more variability in disease onset, severity, and progression. Because of this heterogeneous clinical picture in females, the optimal time point for ERT initiation still remains controversial.
Current FD guidelines and recommendations suggest ERT initiation in females with FD after the onset of first FD-typical renal, cardiac, and/or cerebral complications, or in rapidly progressive disease [12, 13] . According to Biegstraaten and colleagues, ERT should be considered in females with classical and non-classical phenotype if albuminuria/proteinuria, an estimated glomerular filtration rate (eGFR) <90 ml/min/1.73 m 2 , cardiac hypertrophy, signs of cardiac rhythm disturbances, cerebral white matter lesions, transient ischemic attack or stroke, FD-related pain or gastrointestinal (GI) symptoms are present [13] .
However, since ERT is assumed to be most effective when started early before the onset of fibrosis or other irreversible tissue damage [14] [15] [16] , this strategy might result in a therapeutic dilemma. Therefore, plasma lysoGb3 has been discussed as a prognostic marker for disease severity and progression. While this concept is established in males, the clinical relevance of lyso-Gb3 for female patients is still unclear [17] [18] [19] .
In the Multicenter Female Fabry Study (MFFS), we retrospectively analyzed a cohort of 261 genetically confirmed adult female FD patients from six German Fabry centers to investigate the current ERT treatment status and the implementation of the latest European FD recommendations [13] concerning treatment strategies.
Methods

Study design and patients
Between 10/2008 and 12/2014, 261 genetically confirmed adult female FD patients were consecutively recruited or identified by family screenings (index patients were either affected males or females) at Fabry centers of the University Hospitals in Muenster, Wuerzburg, Mainz, Cologne, Rostock, and the Charité Berlin. Patients were retrospectively analyzed in an open cohort study. A comprehensive diagnostic work-up was performed in all centers including medical history and cardiac, renal, and neurological evaluation. Data documentation followed the clinical practice of the German Fabry Expert Centers for a rare multisystemic disorder. The detailed clinical work-up of patients has been reported elsewhere [20] . Gastrointestinal pain includes abdominal pain, tenesmus, or cramping more than once a week. Diarrhea was defined as ≥1 day/ month with three loose bowels or >250 g of stool weight per day. Fatigue was defined by the Fukuda criteria [21] . Cardiac assessment included echocardiography and electrocardiography. Left ventricular hypertrophy (LVH) was defined as a septal diameter of >12 mm. Renal function was quantified by the eGFR using the Chronic Kidney Disease-Epidemiology Collaboration equation (CKD-EPI) [22] and the albumin-to-creatinine ratio (ACR) from spot urine. Renal impairment was defined as eGFR <90 ml/min/1.73 m 2 according to "Kidney Disease: Improving Global Outcomes" (KDIGO) [23] and European FD [13] guidelines and albuminuria as ACR >30 mg albumin per g creatinine (microalbuminuria, 30-300 mg/g; macroalbuminuria >300 mg/g). All patients underwent neurologic examination and a clinical interview focusing on a history of cerebral stroke or transient ischemic attack (TIA). Additionally, the presence of FD-related pain was investigated [24] . In a subset of patients with a characteristic history of acral pain and/or dysesthesias, small fiber neuropathy (SFN) was diagnosed additionally using quantitative sensory testing (QST) [25] and/or by determination of the intraepidermal nerve fiber density in skin biopsies [26, 27] . Disease severity was assessed using the Mainz Severity Score Index (MSSI) [28] . Additional medication was assessed for the current visit. Renin-angiotensin-aldosterone-system (RAAS) blockers include the prescription of angiotensin-converting enzyme blockers, angiotensin receptor blockers, renin blockers, as well as aldosterone antagonists. Diuretics include the prescription of high ceiling/loop diuretics, thiazides, carbonic anhydrase inhibitors, potassium-sparing diuretics. Analgesic drugs include the prescription of opioids, anticonvulsants, selective serotonin reuptake inhibitors, and non-steroidal anti-inflammatory drugs.
GLA sequencing, measurement of GLA activity and plasma lyso-Gb3
Genotyping for GLA gene mutations was performed by direct sequencing of all seven coding exons including adjacent intron-exons boundaries as previously reported [29] .
The Table S1 ). Females with genetic variants of unknown significance (GVUS) and polymorphisms (i.e. p.R112H; p.N139S; p.A143T; p.D313Y) were excluded (n = 37) from all calculations.
Nonsense mutations have been defined as single nucleotide exchanges, resulting in stop codons (termination), deletions or insertions of nucleotides resulting in a frame shift or large deletions within the protein, or splice site mutations, resulting in altered splice products of mRNA. GLA activity in leukocytes was determined using 4-methylumbelliferyl-α-D-galactopyranoside (Santa Cruz Biotechnology, Heidelberg, Germany) as previously described [30] . Nacetylgalactosamine (Santa Cruz Biotechnology) was used as specific inhibitor of endogenous α-galactosidase B activity [31] . GLA enzyme activity was determined as nanomoles (nmol) of substrate hydrolyzed per hour (h) per mg protein and expressed as % of reference. For plasma lyso-Gb3, lyso-ceramide was used as reference (Matreya LLC, Pleasant Gap, PA, USA) and D5-fluticasone propionate (EJY Tech, Inc., Rockville, Maryland, USA) served as internal standard. Plasma lyso-Gb3 levels (reference 0.9-2.3 ng/ml) were measured at the University of Rostock (A. Rolfs), and at the University of Mainz (K. Lackner), Germany. To determine if patients were below or above these reference limits, each individual plasma lyso-Gb3 value was compared with the internal reference at the time-point of lyso-Gb3 determination.
Statistical analysis
Two-hundred sixty-one patients from the participating FD centers were included in the analysis. If not stated otherwise, continuous variables are expressed as mean with standard deviation or median with range. Categorical data is expressed as numbers and relative frequencies in percent. A quality control of assessed data is given in the supplement (Additional file 2: Table S2 ). An overall data completeness of 88.9 % was achieved. To deal with missing data, analyses were performed with an as-is state for every parameter. Differences between groups were analyzed with the unpaired Student's t or Mann-Whitney U test for continuous data, and the Fisher's exact test for categorical data. Statistical significance was considered at a 2-sided p < 0.05. All results are reported with their respective 95 % confidence intervals (CI). SAS version 9.3 (SAS Institute Inc., Cary, North Carolina, USA) and GraphPad PRISM V5.0 software (GraphPad Software Inc., La Jolla, CA, USA) were used for all statistical analyses.
Results
Clinical characterization of female patients with Fabry disease
Between 10/2008 and 12/2014 a total of 261 genetically confirmed adult (≥18 years) female FD patients presented at the participating Fabry centers in Muenster, Wuerzburg, Mainz, Cologne, Berlin, and Rostock. Since the presence of GVUS and polymorphisms might influence the outcome, females (n = 37) with these variants were excluded (i.e. p.R112H, n = 1; p.N139S, n = 8; p.A143T, n = 18; p.D313Y, n = 10). At the time of last visit and data analysis, 127 (56.7 %) females received ERT (i.e. agalsidase-alfa n = 108 [85.0 %], or agalsidasebeta n = 19 [15. 0 %]. The general ERT treatment status differed across centers from 46.2 to 77.8 % females on ERT (Fig. 1) .
Since the treatment period of patients overlapped with the worldwide agalsidase-beta shortage and a switch of product might have an influence on treatment outcome [11, 20] , we assessed all changes in treatment regimens. During agalsidase-beta shortage, nearly all females (18 from 19) under agalsidase-beta received a dose-reduction (0.5 mg/kg body weight) or switched to agalsidase-alfa until re-switch to full agalsidase-beta dose (1.0 mg/kg body weight). From those who received agalsidase-alfa at data assessment (n = 108), 20 patients had been switched from agalsidase-beta to -alfa. Consequently, in this "real world" study, both groups were not directly comparable. However, analysis of the clinical presentation revealed that patients under agalsidase-beta tended to be older (p = 0.1371) and showed a trend towards a longer ERT duration (p = 0.1499) than patients receiving agalsidasealfa (Additional file 3: Table S3 ). There were no significant differences between the two patient groups (Additional file 4: Table S4 ), except for angiokeratoma, NYHA classes, left ventricular diastolic diameter, resulting in a Table S4 ). To analyze whether patients were treated in accordance with current European FD guidelines [13] (class I: ERT is recommended; class IIA/B: ERT should/may be considered) at the onset of first organ manifestations, we analyzed the presence of at least one of these manifestations in different organs (cardiac: LVH, renal: eGFR <90 ml/min/1.73 m Table 1 , Fig. 2a ). Since 34 % of females were not on ERT, although an indication was identified, we further compared treated and untreated females with indications for ERT to identify differences between the two groups. The group of females on ERT (mean treatment duration: 68 ± 48 months) was older, and tended to comprise more patients with nonsense mutations (p = 0.0502), more patients with plasma lyso-Gb3 levels above the reference level, and more patients on additional medication (renin-angiotensin-aldosterone-system [RAAS] blockers, diuretics, analgesics) than females not receiving ERT (Table 1) . Evaluation of clinical presentation further revealed that female patients on ERT showed a higher frequency of FD-typical signs and symptoms, such as angiokeratoma, edema (ankle), tinnitus, hypacusis, FD-related pain, and fatigue (Table 1) . Patients on ERT suffered more often from stroke and demonstrated a higher MSSI score ( Table 1) . Evaluation of organ manifestations also showed that patients on ERT suffered more often from a cardiac involvement, resulting in higher frequencies of dyspnea and abnormalities in electrocardiogram (ECG) (defined as T-wave negativation). They presented with higher NYHA classes, had increased septal diameters, and higher frequencies for concentric LVH (RR: 1.69 95 % CI 1.37 to 2.08; p < 0.0001; Table 2 ). Renal measures showed that patients on ERT also had a more severe renal impairment in that creatinine-and cystatin C-based eGFR values were severely decreased and showed a difference of >15 ml/min/1.73 m 2 compared to non-treated female patients (Table 2 ). Due to the observed differences in eGFR, more patients on ERT were assigned to CKD stage ≥2 than patients not on ERT (RR: 1.70 95 % CI 1.29 to 2.24; p = 0.0003; Table 2 ). Interestingly, the general frequencies of patients with albuminuria were similar, although patients on ERT comprised more patients with macroalbuminuria (Table 2) . Females on ERT presented with significantly more manifestations in different organs indicating ERT start [13] than untreated patients (2.5 [1] [2] [3] [4] [5] vs 1 [1] [2] [3] , p < 0.0001; Table 2 , Fig. 2b ).
To further investigate whether patients with nonsense mutations have a higher disease severity, we compared patients with missense and nonsense mutations separately from their ERT status (Table 3 ). All patients showed at least one manifestation justifying ERT treatment according to current guidelines [13] . Patients on ERT with nonsense mutations had a longer treatment duration than patients with missense mutations (Table 3) . Furthermore, patients with nonsense mutations more often had elevated plasma lyso-Gb3 levels and angiokeratoma, and showed a trend towards more edema (ankle) (p = 0.0541; Table 3 ). However, no further significant differences in clinical presentation and cardiac as well as renal measures have been detected (Table 3) . Also, patients showed no differences for additional medication with RAAS blockers, diuretics, or analgesics.
Untreated patients carrying nonsense mutations were slightly but not significantly younger than patients with missense mutations. Although untreated patients with nonsense mutations demonstrate more often a reduced GLA activity and tended to have higher plasma lyso-Gb3 levels (p = 0.0505), no further clinical differences in the group of patients without ERT have been detected (Table 3) .
Plasma lyso-Gb3 in ERT-naïve females with FD
Since the biomarker lyso-Gb3 correlates well with disease manifestation and progression in male FD patients, we analyzed whether differences in plasma lyso-Gb3 levels might also explain differences in FD-specific manifestations and symptoms in female patients. Therefore, we compared ERT-naïve females (independent of a manifestation that would indicate ERT) with lyso-Gb3 levels below the reference value (n = 16) with those above the reference value (n = 52) ( Table 4) . Females with lyso-Gb3 levels above the reference were younger than patients with normal lyso-Gb3 levels (41 ± 13 vs. 49 ± 15 years; p = 0.0299). Females with elevated lysoGb3 levels comprised more patients with nonsense mutations (Table 4) . Furthermore, females with elevated lyso-Gb3 levels suffered more often from FD-related pain (Table 4) . Interestingly, evaluation of further FDtypical symptoms as well as cardiac and renal measures showed no intergroup differences. Also, the prescription of additional medication was similar in both groups. However, patients with elevated lyso-Gb3 levels tended to a higher albumin-creatinine-ratio (ACR; p = 0.0530; Table 4 ).
Discussion
The aim of our multicenter study was to investigate the current ERT treatment status and the implementation of the European FD guidelines and recommendations in female patients with FD in Germany.
Our main findings are: 1) Fifty-seven % of female FD patients in Germany were under ERT, nearly all (except three females) presented with different organ manifestations that justify ERT initiation according to current European guidelines [13] ; 2) one third of females remained without ERT, although indications (organ manifestations) for ERT initiation were fulfilled; 3) the presence of LVH seems to impact more on ERT initiation than impaired renal function; 4) in ERT-naïve females the prescription of RAAS blockers is mostly consistent with the presence of LVH, but not with albuminuria; 5) once affected females with missense mutations show similar disease burden compared to females with nonsense mutations; 6) elevated plasma lyso-Gb3 levels in ERT-naïve females seem to be a marker of disease burden, since these patients showed comparable incidences of organ manifestations and a higher frequency of FD-related pain even if they werẽ 8 years younger than females with normal lyso-Gb3 levels. Categorical data are presented as n and are % of total in parenthesis. Otherwise data is presented as mean ± standard deviation. eGFR: estimated glomerular filtration rate ( a excluding patients with dialysis and/or kidney transplant). DBP: diastolic blood pressure; MSSI Mainz Severity Score Index, Pts patients, RAAS renin-angiotensin-aldosterone-system, SBP systolic blood pressure, SFN small fiber neuropathy, TIA transitory ischemic attack The time point for ERT initiation in males with FD is clinically well established, since patients often suffer from a FD-typical organ involvement and/or display abnormal biomarkers (i.e. low or absent GLA activity, high plasma lyso-Gb3 values). In contrast, the optimal time point for ERT initiation in females with FD, often classified as "only" asymptomatic or minor symptomatic carriers still remains unclear, as their disease manifestations and progression, as well as biomarker levels are diverse.
Most guidelines recommend ERT initiation in females with FD as soon as FD-typical organ manifestations such as LVH, renal insufficiency, or clinical events such as TIA or stroke appear [12, 13] . Our analysis of 224 females with FD may reflect an average of women with FD in Germany. About 55 % of the affected females are on ERT, confirming the prevalence of 53 % reported in the Fabry Outcome Survey (FOS) registry (FOS Investigator report 2012-2013) and suggesting that the reported prevalence of 34 % treated females within the Fabry Registry [32, 33] might be too low, at least for Germany.
Of those patients receiving ERT, nearly all showed at least one organ manifestation defined as LVH, an eGFR <90 ml/min/1.73 m 2 , cerebral complications, pain, or GI symptoms indicating ERT. Concerning this aspect, the treatment concept for females with FD in Germany is in line with the current European FD recommendations and guidelines [13] . Nevertheless, still one third of ERTnaïve female patients suffered from at least one clinically relevant organ manifestation. Even if the observed LVH, renal insufficiency, or stroke and/or TIA might also be due to comorbidities and, more importantly, some patients refuse ERT, or can't receive ERT due to pregnancy or future family planning, the remaining number of clinically not justifiable untreated affected females seems to be relevant. As mentioned before, one reason for the relatively high frequency of ERT-untreated females with mild renal involvement only might be that many physicians did not recognize these females as patients at risk. In clinical practice, these patients may benefit from RAAS blockers. If under this treatment and with comorbidities/ risk factors (such as arterial hypertension) wellcontrolled, renal function still declines, ERT should be initiated. The high incidence and increased risk for LVH in patients on ERT indicates that the presence of LVH seems to impact more on ERT initiation than impaired renal function. These observations urge the need for a more stringent implementation of the new European FD guidelines for females across centers and reevaluation of untreated females. Furthermore, some female patients refusing ERT might benefit from future chaperone treatment strategies [34] .
Renal biopsies demonstrate that even in children Gb3 accumulation within podocytes affects foot process effacement without presence of albuminuria, indicating an early Fabry nephropathy [35] . In fact, several studies suggest a better benefit when ERT is started at an early disease stage before irreversible organ damage such as fibrosis occurs [9, [14] [15] [16] . Interestingly, in females, cardiac replacement fibrosis can already appear at a non-hypertrophic disease stage, being in contrast to males who generally develop LVH prior to replacement fibrosis [36, 37] . In our study, we did not include data on cardiac MRIs, since most of the participating centers routinely perform echocardiography but not cardiac MRI. Of note, in our subset of 68 cardiac MRIs, 41 females revealed late enhancement as a sign of cardiac fibrosis. Interestingly, 22 females with late enhancement did not yet present with LVH. Of these, 12 were not treated with ERT. Hence, in females with FD cardiac MRIs should be routinely performed to identify those with cardiac involvement, necessitating ERT initiation [37] .
In addition, protective drugs such as RAAS blockers are needed in females (and males) with renal insufficiency, proteinuria, and LVH. In our study cohort, RAAS blockers were given in >40 % of all females with a >2.0-fold higher treatment frequency in females on ERT compared to those without ERT (57 % vs. 24 %). In general, the frequency of renoprotective and cardioprotective RAAS blocker prescription was comparable across FD centers and in accordance with the frequencies of LVH and albuminuria only in females on ERT. In patients without ERT, a similar relation was found for the presence of LVH and RAAS blockers, but not with albuminuria. Since albuminuria/proteinuria is one of the first signs of impaired renal function, and according to recent KDIGO guidelines [23] , persistent albuminuria is associated with poor clinical outcome a more aggressive renoprotective intervention should be considered in these patients. Nonsense mutations include single nucleotide exchanges, resulting in a stop codon (termination), deletion or insertions of nucleotides resulting in a frame shift or large deletions within the protein, or splice site mutations, resulting in altered splice products of mRNA. Categorical data are presented as n and are % of total in parenthesis. Otherwise data are presented as mean ± SD or median [range] . eGFR estimated glomerular filtration rate ( a excluding patients with dialysis and/or kidney transplant), LVH Left ventricular hypertrophy, MSSI Mainz Severity Score Index, SFN small fiber neuropathy, RWT relative wall thickness, TIA transitory ischemic attack. eGFR creat is calculated via the CKD-EPI formula according to Levey et al. 2009 . missense vs. nonsense mutations:
Interestingly, at the time-point of data assessment, we observed no clinically relevant differences concerning FD-manifestations and disease burden between females receiving either agalsidase-alfa or agalsidase-beta. Although the relative small group of agalsidase-betareceiving patients might be a limitation, it seems that physicians do not prefer any of these two drugs to treat more severe affected female patients.
Since ERT initiation in female patients based on the clinical presentation might be too late, a prognostic biomarker identifying females with a rapid disease progression is warranted. While plasma lyso-Gb3 seems to be a useful prognostic marker to elucidate disease severity and progression in affected males and correlates well with ERT effectiveness [17, 38, 39] , lyso-Gb3 levels are difficult to correlate with disease burden and progression in females and patients with non-classical GLA mutations [17] [18] [19] 39] . In our study, plasma lyso-Gb3 levels above the reference were more frequent in females on ERT compared to treatment-naïve females. ERT-naïve female patients with elevated lyso-Gb3 levels showed comparable incidences of organ manifestations and a higher frequency of FD-related pain, even if they were 8 years younger than females with normal lyso-Gb3 levels. Therefore, our preliminary data suggest that elevated plasma lyso-Gb3 levels in females also seem to be a marker of disease burden. However, further longitudinal observational studies are warranted to clarify the prognostic value of lyso-Gb3 in ERT-naïve females with different lyso-Gb3 levels.
In contrast to most males, females with FD present with a heterogeneous clinical picture and variable disease progression, independent of the presence of a nonsense or a missense mutation. Our results demonstrate that although females with missense mutations seem to have a lower risk to suffer from severe FD-typical manifestations and events justifying ERT in general, the disease burden in once affected patients is similar, independent of the disease-causing underlying GLA mutation (i.e. nonsense or missense). The variation and the missing genotype-phenotype correlation might be due to the controversially discussed X-chromosomal inactivation. While Elstein and colleagues did not find any associations with clinical signs in 77 females FD patients analyzed for skewed X-inactivation [40] , Echevarria and colleagues demonstrated significant differences in disease progression depending on the direction and degree of X-inactivation in 56 patients [41] . In that respect, also larger longitudinal studies are warranted to confirm these results and to demonstrate an effect of skewed Xchromosomal inactivation on FD phenotype in affected females.
Conclusions
We conclude that the treatment concept for females with FD in Germany is in line with the current European Fabry guidelines. However, a relevant number of females remain untreated despite organ involvement, necessitating a careful reevaluation of these females. Elevated plasma lyso-Gb3 levels in females seem to be a marker of disease burden, even if the prognostic value of elevated lyso-Gb3 levels for ERT initiation in females needs evaluation in future observational studies.
Limitations
The intention of this study was to present a current clinical overview of females with FD and their treatment status and to assess the implementation of current European FD guidelines [13] for ERT treatment. Analysis and readout of techniques such as echoes have been performed within each center by the same on-side specialized operators, which limits intra-center variations. However, slight variations between participating centers cannot be fully excluded. In addition, some parameters such as plasma lyso-Gb3 or GLA activity were not available for the entire study cohort. Since no longitudinal analysis starting with treatment-naïve baselines has been performed and treatment regimens of agalsidase-alfa and -beta groups were heterogeneous, no comparisons of effectiveness between agalsidase-alfa or-beta could be drawn.
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